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ABSTRACT 

We derived the distance to the central region of the Sagittarius dwarf spheroidal 
galaxy from the Red Giant Branch Tip. The obtained distance modulus is {m — 
M)o = 17.10 ± 0.15, corresponding to a hehocentric distance D = 26.30 ± 1.8 Kpc. 
This estimate is in good agreement with the distance obtained from RR Lyrae stars 
of the globular cluster M 54, located in the core of the Sgr galaxy, once the most 
accurate estimate of the cluster metallicity and the most recent calibration of the 
Mv{RRLy) vs.[Fe/H] relation are adopted. 
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1 INTRODUCTION 

The Sagittarius dwarf spheroidal galaxy (Sgr dSph] is a 
nearby satellite of the Milky Way (llbata et alJll994l. Il997ll 
that is currently disrupting under the strain of the Galac- 
tic tidal field. The relic of the process of disruption is 
observed as a huge coherent structure of stars escaped 
by the main body of the galaxy that remains approxi- 
mately alig ned along the origiinal o rbital path (the Sgr 
Stream, see llbata et alJ l200ll 120021: iNewberg et al.1 120021: 



iBellazzini et al.ll2003l : iMaiewski et alJl2003l . and references 
therein). This occurrence provides an unprecedented occa- 
sion to study in detail the mechanism of merging of galactic 
sub-units as well as to constrain the mass and the shape of 
the dark matter halo of the Milky Way Llbata et al-200111 . 
and it has triggered a burst of theoretical efforts to accu- 
rately model the dynamical evolution of the Sgr system 
(sec, for example Velasquez fc White 1995j Ibata fc Lew ia 

fl998; Johnston e t~an Il999l : iGomez-Flechoso et al.l 1 199a 
Jiang fc Binnev..2000r . 

A fundamental ingredient of any realistic model of the 
dynamical history of Sgr is its distance, a key parameter 
that is not so well constrained, at present. The available 
estim ates range from (m — M)o = 16.90 ± 0.15 l[MMd| 
Il996t) to (m - M)o = 17.25lo:2o JBellazzini et alJll999al) . 
Ot her estimates have b een provided, am o ng the others, 
bylMateo et al.' (TggSa); Ibata et al. ('l997^: iMarconi et all 
il998) : Lavden fc Saraiedini (2000) . While all these distance 



moduli are formally compatible within the errors, they allow 
distances from D — 22.4 Kpc to D = 29.5 Kpc. It has also 
to be considered that, among the above analysis, the only 
one that was properly d esigned to obtain an accurat e dis- 
tance estimate is that bv lLavden fc Saraiedina ll200d . here- 
after LSOO). These authors studied the RR Lyrae population 
of the globular cluster M 54, that is located in the core of 
the Sgr dSph. From a robust estimate of the average appar- 
ent magnitude of the ab type RR Lyrae of M 54 (< Vrr > — 
18.17 ± 0.01) they obtained (m - M)o = 17.19 ± 0.12. 

In this contribution we provide a new estimate of 
the distance to the Sgr g alax:y using the Tip of the Red 
Giant Branch (TRGB) (seelLee. Freedman fc Madorelll993l: 



3 19961: 
I200I 



Madore fc Freedmai 
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iMadore fc Freedmanl 
for details and ref- 
erences about the method). We measured the apparent 
magnitude of the TRGB in the I passband and we derived 
the respective distance modulus adopting our recent cali- 
bration of the metho d JBellazzini. Ferraro fc Pancinnll200ll : 
IBellazzini e t al. 2004[), whose zero-point is fully independent 
from the RR-Lyrae dista nce scale (that is still affect ed by 
sizeable uncertainties, see lGacciarilll99fll : IWalkeill2003r . 



2 DETECTION OF THE TRGB 

In order to measure the magnitude of the TRGB, we used 
the huge catalogue of ~490,000 stars obtained in a 1 ° x 1° 
field centered on M 54 presented by iMonaco et al.l (|2002r 
and plotted in Fig. 

The Red Giant Branch (RGB) stars in Sgr can be 
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Figure 1. I vs V-I CMD for a 1° X 1° field centered on M 54. 



Figure 2.K vs J-K CMD for a 4° X 4° field centered on M 54. 
The box encloses stars belonging to the Sgr's RGB. 



more easily separated from the contamina ting bulge and 
disc sequences (see, for example. IColdl2001r) in the infrared 
Color Magnitude Diagram (CMD). Therefore, we used the 
infrared database from the 2MASS survey to select our 
RCB sample. We extracted Near Infrared (NIR) photom- 
etry of a 4° X 4° field centered on M 54 from the Point 
Source Catalogue of the All Sky Data Release of 2MASS 
ijCutri et al.M2003r . We selected only high quality sources, 
avoiding a ny possible blended st ars and/or contaminants, 
as done in iBellazzini et aO (|2003)- The resulting sample of 
bona fide Sgr stars is shown in Fig. |5| enclosed in a box. In 
Fig. El we plotted the I vs V-I CMD zoomed in the RGB 
region. Stars selected in Fig. |5| and also measured in the 
optical bands are marked. 

It is well known that the largely dominant stel- 
lar component of the Sgr dSph galaxy is a popula- 
tion of quite high mean metalli city (—0.6 < [M/H]"^ 
< -0.4) and of age ~ 6 Gvr jBellazzini et al.l noogbt 
iLavden fc SaraiedinilEoOot IColelEoOll: iMonaco et al.l l2n 
Nevertheless the bona-fide Sgr member in Fig El show 
a large color spread in the CMD, witnessi ng the pres- 
ence o f stars of di fi'erent ages a nd metallicity f Mateo ct^y 
1995al: IBellazzini etal. 1999bt iLavden fc Saraiedini 200oF 



Monaco et al.ll2003l: iBonifacio et al.ll2004^ ■ Since the abso- 
lute magnitude of the Tip is (weakly) dependent on metal- 
licity, it would be safe to exclude stars not related to the Sgr 
dominant population from the sample used for the detection 
of the TRGB. 

Therefore, we compared the optical CMD of Sgr with 
the RGB ridge lin es of template globular clusters (see 
iMonaco et al.M2002r and we finally adopted the selection 
shown in Fig. El According to our experiments with ridge 
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The "global metallicity" is 

[M/H1 = [Fe/H1+log(0.638x l 0l"/^ '=l-|-0.362). 



defined 



ISalaris. Chiefii fc Stranierd <199: 



V-I 



Figure 3. Zoomed I vs V-I CMD in the RGB region (light gray). 
Stars selected in Fig |^ and also measured in the optical bands 
are marked. The thick parallel line shows how the RGB stars has 
been selected for the detection of the TRGB. Stars belonging to 
the final selection are plotted as large filled circles. 



lines, the adopted selection (the stars included between the 
two parallel thick lines in the plot) likely excludes stars with 
W/H] < -1.0 and [M/H] > 0.0. In this way the bulk of 
the dominant popul ation (whose age an d metallicity range 
is rather limited, see lMonaco et all2002r is picked up by our 
selection. 

The observable signature of the TRGB is the sharp cut- 
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Figure 4. Upper panel: Logarithmic LFs of the upper RGB for 
the stars selected in Fig. U] The position of the TRGB is marked 
by a thick vertical line, the thin lines enclose the error bars. Mid- 
dle panel: Logarithmic LP of the upper RGB as a generalized his- 
togram. Lower panel: Sobel filter response to the LFs as a function 
of the I magnitude. The obvious peaks indicate the magnitude of 
the TRGB. 



off at the bright end of the RGB Luminosity Function (LF). 
In well populated LFs the cut-off is easily detected apply- 
ing an edge-detector filter (i.e. the S o bel Filter) to the LF 
fsee JLee. Freed man fc Madorj Il993l: iMa dore fc FreedmarJ 
Il99fil . ll99Sl : iBellazzin i. Ferraro fc Pancinol 1200 ll . and refer- 
ences therein) . The detection of the TRGB in Sgr in the I 
band is shown in Fig. |1] The LF cut-off is evident in the 
LF shown in the upper and middle pan els (presented as a 
generalized histogram in the latter, see iLaird et al.l Il988l) 
and it is recognized as an obvious maximum in the filter 
response (lower panel). The reported uncertainties are the 
Haff Widths at Haff Maximum (HWHM) of the peaks of the 



filter response. The final estimate is / 



TRGB 



13.44 ±0.06. 



We note that there are A'^. = 121 stars within one magni- 
tude from the detected TRGB, hence the sampling criterion 
for a safe estimate of the TRGB distance is fulfilled in the 
present case (i.e. Nj, > 100, see .Madore fc Freedmanlll99iTt 
IBellazzini et al.ll2002l) . 



3 THE DISTANCE TO THE SGR DSPH 

The distance to the Sgr dSph is deri ved from the TRGB by 
using the calibrating relations from IBellazzini et al.l i2004l 



hereafter B04). In that paper we provided empirical rela- 
tions for the absolute magnitude of the TRGB in I,J,H, and 
K as a function of the global metallicity of the considered 
stellar system. The global metallicity ([M/H]) is a parame- 
ter that takes into account not only the abundance of iron, 
but also of the a-elements (O, Mg, Si, etc.), making easier 
and more self-consistent the comparison between systems 
having differe nt abundance patterns a nd with theoretical 
mode ls (see S alaris. Chieffl fc Straniero 1993 : Ferraro et alJ 
I1999I and B04 for definitions and details). The zero-point of 
the adopted calibration is based on the dis tance estimate to 
the glo bular cluster uj Centauri obtained bv lThompson et alJ 
||2001j) from t he double-line detached eclipsing binary 
OGLE- 17 (see IBellazzini. Ferraro fc Pancinol IJOOll . B04), 
hence it is fully independent from the classical distance 
scale based on R R Lyrae and/or Horizontal Branch stars 
in general (see |TosLet_alJ |200l|; teellazzini et al. 20021; 
Maiz-ApcUani z. Cieza fc MacKentvl 120021: lAlveJ l2003allbt 
Walker..2003; . for applications and disc ussions). 

Assuming E{B — V) — 0.14 (see iLavden fc Saraiedinil 
20001 ) and a mean metallicity of [M/H]=-0.5 (see 



iMonaco et alJl2002r for the Sgr dominant population, the 
measured I^^'^'^ = 13.44 corresponds to: (m - M)o=17.10. 
The final distance estimate is affected by the uncertain- 
ties in: 

• the calibrating relations: the uncertainty of the zero 
point of the calibrations as estimated by B04 is ct = 0.12 
mag for the I passband. 

• the metallicity of the Sgr population: according to the 
relations in B04, a variation of ±0.1 dex in the mean metal 
content produce a change in the absolute I magnitude of the 
TRGB of about 0.045 mag. 

• the estimate of the apparent TRGB magnitude 
which has an uncertainty of ±0.06 mag. 

• the reddening: we adopt the direct reddening esti- 
mate obtained by LSOO from the color at the minimum of 
the light curve of ab RR Lyrae: E{B-V) = 0.14±0.03. This 
is in go od agreement with the result s from the reddening 
maps of lSchleeel. Fin kbeinB^^^avij l|l998l). once the cor- 
rections provided bv iDutra et al.l ^2001^ are taken into ac- 
count. Inspection of the reddening maps provided also strong 
indications that there is no serious variability of extinction 
in the considered field. The standard deviation of the red- 
dening value, interpolated from the map at the position of 
each star in the 2MASS field, is just (Je(b-v) ~ 0.03, e.g. of 
the order of the uncertainty in the reddening estimate. Con- 
cerning the redd ening laws, we adopt Ai = 1.76E (B — V) 
(Cousins' I) from lDean. Warren fc Cousins! lll97^ . 

All these uncertainty factors are independent each other. 
Therefore they can be quadratically summed to produce an 
average error of 0.15 mag, of the order of that abtained in 
other previous estimates of the distance to Sgr. 

In summary, the derived distance modulus is (m — 
M)o = 17.10±0.15, corresponding to a heliocentric distance 
D = 26.30 ± 1.8 Kpc. 

In comparison to the infrared magnitudes, the I magni- 
tude of the TRGB has a weaker dependence on metallicity. 
Moreover, the current calibrating relations suffer by a higher 
uncertainty at the infrared wavelenghts. Therefore, it is cer- 
tainly safer to use the I magnitude of the TRGB for the 
derivation of the distance. Nevertheless a comparison with 
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Figure 5. K vs J-K (upper panel) and J vs J-K (lower panel) 
CMDs. The continuous horizontal lines represent the position of 
the TRGB derived from our (m-M)o and the calibrating relations 
by B04 assuming a mean metallicity of [M/H]=-0.6. 



the infrared database can provide a useful consistency check 
for the derived distance modulus. 

The 2MASS infrared photometry already introduced 
in section |21 is plotted in figure |S] in the K vs J-K (upper 
panel) and J vs J-K (lower panel) planes. We also plot- 
ted on each plane the predicted magnitude of the TRGB 
(middle continuous line) with the appropriate uncertainty 
(top and bottom lines). The predicted magnidude of the 
TRGB in the J and K passbands have been obtained from 
the derived distance modulus using the calibration pro- 
vided in B04. The calibrations by B04 are i n the same 
photometric system adopted by iFerraro et alJ i200Cl here- 
after FOO) and we u sed the empirical relations provided by 
IValenti et all ll2004l) to convert the FOO into the 2MASS sys- 
tem: JiMASS = Jfoo— 0.06 and K2MASS = -K'foo-0.05. We 
also adopted E(B-V)=0 .14 (LSOO) and the reddening laws 
from iRieke fc Lebofskvl (|l98j: Aj = 0.871E{B - V) and 
Ak = 0.346S(B - V). 

We find that, by slightly adjusting the global metallicity 
to [M/H]=- 0.6 (which i s still consistent with the current es- 
timates, see lMonaco et al. 2002 ; Lavden fc Sarai edini 20JJ3). 
a fairly good agreement between the predicted and observed 
position of the TRGB is reached in the infrared passbands 
(see Fig. (SJ which proves the internal consistency in the cal- 
ibrating relations of B04. 



4 DISCUSSION 

We have provided a new estimate of the distance modu- 
lus to the Sgr dSph galaxy using the TRGB in the I pass- 
band as a standard candle. The obtained distance modulus 
is (m — M)o ~ 17.10 ± 0.15 which corresponds to a helio- 
centric distance D — 26.30 ± 1.8 Kpc. 

Due to the large uncertainties present in the various 
studies, this estimate is formally compatible with all exist- 
ing measures. However, it is worth noting that most of exist- 
ing distance estimates are often based on crude assumptions 
and many of them are likely affected by various kinds of sys- 
tematics. In many cases the accuracy of these estimates was 
also hampered by the limited knowledge of the physical pa- 
rameters (e.g. metallicity, age, etc.) of the main population 
of Sgr. 

In the earliest studies the distance was derived by 
comparing the mean magnitude of the Red Clump of Sgr 
with that of template globular cluster or nearby galax- 
iess (IBellazzini et alll999al : lMarconi et alJl998l : llbata et alJ 
ll995|), e.g. neglecting the significant dependence of the 
RC on the age of the considered population (see 
iPercival fc Salark [200J, and references therein). O ther au- 
thors ilbata et al, Il997t ISaraiedini fc LavderJll995h extrap- 
olated the mean magnitude of the RR Lyrae (Mv(RR)) 
from the RC magnitude, adding a further source of 
uncertainty, and derived the distance modulus from a 
Mv'(RR) vs [Fe/H] relation, carrying its own uncertainty. 
The actual metallicity of the RR Lyrae s tars of Sgr 
is poorly known (but see ICseresniea I2OOH) . This fact 
limited the accuracy of distance estimates directly de- 
rived from the prope rties of the RR Lyr ae IIM ateo et all 
1995d). For example. iMateo et al.l(ll995al) : lAlardI iwm 



Cseresnies. Alard. fc Guiberti i2000h assumed a constant 



Mv(RR), completely negle cting the variation of t he RR Ly 
luminosity with metallicity. iFahlman et alJ lll99(fl identified 
Sgr main sequence stars in the background of the globular 
cluster M 55. They derived a range of distance moduli by 
fitting the sequence with theoretical isochrones under differ- 
ent assumptions on the age and metallicity of Sgr. However 
too few stars were present to obtain an accurate fit and the 
age and metallicity adopted are quite different from what 
currently assumed for the dominant population of Sgr (see 
iMonaco et alJl2002l . and references therein). The result pre- 
sented here is largely free from the systematics affecting the 
above described analysis. 

The most accurate determination of the distance to Sgr 
available up to now is the one provided by LSOO, based on 
the RR Lyrae of the globular cluster M 54. M 54 resides in 
the densest clum p of Sgr stars (iSaraiedini fc Lavden 19951 : 
iMonaco et all20 04') and it is part of the Sgr galaxy. From the 
mean magnitude of the ab RR Lyrae of M 54, LSOO derived 
(m — M)o = 17.19 ±0.12 as distance to M 54 and, hence, to 
Sgr. In particular they measured a < Vq'*^ >= 17.74 ± 0.03 
and assumed [Fe/H] = —1.79 for M 54 from th eir previ- 
ous photometric study (ISaraiedini fc Lavdenll995f). Then by 
considering the Mv{RR) vs. [Fe/H] relation of IChaboverl 
|l999) they derived the distance modulus. The error in the 
distance modulus, 0.12, refiects the uncertainty in the zero 
point of the Mv{RR) vs. [Fe/H] relation. 

However, the high-resolution spectroscop i c stu dy of 
M 54 stars bv lBrown. Wallerstein. fc Gonzalea (|l993) pro- 



The distance to the Sgr dwarf spheroidal galaxy 5 



vides a mean metallicity for the cluster of [Fe/H] — —1.55. 
This metaUicity corresponds to Mv{RR) = 0.61 ± 0.07 if 
we consider the most recent (Hipparcos based) cal ibration 
of th e Mv{RR) vs. [Fe/H] relation (see Clementini et alJ 
I2OO3I . and references therein). Under this assumptions, the 
LSOO estimate of < Vff^^ > corresponds to (m — M)o = 
17.13 ± 0.09, in excellent agreement with our result. 

The analysis of the effects of the adoption of our dis- 
tance estimate on dynamical models of the disruption of 
Sgr is clearly out of the scope of the present paper. Just 
to provide an idea of the impact on some relevant scale we 
note that (a) assumi ng the integrated appa rent magnitude 
of Sgr estimated bv iMaiewski et alJ ll2003l hereafter M03, 
Vq=3.63) and our distance modulus, we obtain Mv —-13.47, 
e.g. an increase in luminosity of 20% with respect to the re- 
sults of M03 that assumed (m - M)o = 16.90; (b) the dis- 
tances to stars in the Sgr Stream estimated by M03 from 
the photometric parallax to M giants are expanded by 10% 
adopting our distance modulus. 
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